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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
The yield strength and tensile strength of the steels are varied by pre-straining, dynamic loading and temperature. 
In addition, the fracture toughness is strongly affected by the strength variation. Therefore, the fracture assessment of 
steel weldments under seismic loading condition needs to be considered the effects of strength variation caused by 
cyclic and dynamic large strain. In WES 2808:2003, the estimation method of strength increase with superposition 
effect of pre-straining, dynamic loading and temperatur  was proposed in the strength range of 400 - 590 MPa class 
steel plat , 400 - 490 MPa class H- ection steel and 590 MPa class weld met l. However, 780 MPa class steel plate
has recently b gun to be applied in building structures. Therefore, the st gth range of the estimation met od needs 
to be expanded.
In this study, the dependence of strength variation on pre-straining for 780 MPa class steel plate was investigated 
by experiment. And the applicability of the WES 2808 strength estimation methods for 400 - 780 MPa class steel
was investigated.
As a result, the effects of pre-straining on both the yield strength and tensile strength of the 780 MPa class steel 
were revealed. In addition, new equations that are based on old equations of WES 2808:2003 for estimating the 
strength with varied pre-straining are proposed. The strength range of the estimation method could be expanded.
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1. Introduction
In 2001, Minami et al. found that steel strength increases with increased strain rate and plastic pre-strain or with 
decreased temperature, and the deterioration of fracture toughness is strongly related to the strength variation. In the
field survey just after Great Hanshin-Awaji Earthquake, brittle fractures were found in many steel structures, and
one of the main causes of the brittle fracture is concluded to be the toughness deterioration of the steel accompany 
with large plastic straining and dynamic straining due to seismic loading.
In WES 2808, the strength increase by the superposition effect of pre-straining, dynamic loading and temperature 
is formulated for 400 - 590 MPa class steel plate, 400 - 490 MPa class H-section steel and 590 MPa class weld 
metal. However, 780 MPa class steel plate has recently begun to be applied in building structures, so the strength 
range of the estimation method needs to be expanded.
In this study, the dependence of strength variation on pre-straining for 780 MPa class steel plate was investigated 
by experiment. And the applicability of WES 2808 strength estimation methods for steel plates and H-section steels
were investigated.
2. Materials and pre-straining conditions
The materials used in this study were steel plates and H-section steels with tensile strengths of 400 - 780 MPa for 
steel structures. The steels investigated are listed in Table 1. 
Table 1. Steel investigated
Type Strength
(MPa)
JIS specification Plate thickness / H-section size
(mm)
Pre-strain range Strain rate (/s) Test Temperature
(°C)
Plate 490 SM490A 15 0～ 0.2 3.6× 10-5～ 3.6× 10-5 -100～ 20
SM490A 22 0～ 0.1 1.0× 10-4～ 1.0× 10-2 20
SN490B 25 0～ 0.1 1.0× 10-4～ 1.0× 10-2 20
SM490B 32 0～ 0.03 1.0× 10-4 20
570～ 590 SM570Q 25 0～ 0.15 8.3× 10-5～ 1.6× 10 -100～ 20
SM570Q 40 0～ 0.1 1.0× 10-4～ 1.6× 10 -100～ 20
SA440～ 1 25 0～ 0.11 8.5× 10-5～ 1.7× 10 -100～ 20
780 SHY685NS-F 25 0～ 0.03 1.0× 10-4 20
H section 400 SN400B H-450× 200× 9× 14 0～ 0.05 2.8× 10-4～ 1.6× 10 -100～ 20
490 SM490A H-750× 250× 14× 22 0 2.0× 10-5～ 9.7× 10 -90～ 20
～ 1:High performance 590 MPa class steel for building structure
Pre-straining was conducted at room temperature. The pre-
straining methods are described in relating report by Igi et al. 
(2016).
Tensile tests of pre-strained steels were performed using 
round bar specimens machined from the quarter and middle of 
thickness of the virgin and the pre-strained steels. The 
specimens were fabricated along the pre-straining direction.
Tensile tests were carried out under a temperature range from 
20 to -100 °C and strain rate range from 10-4 to 102 /s. Yield 
strength (0.2% proof stress or lower yield point), tensile 
strength, and uniform elongation (nominal strain at maximum 
stress) were measured. The strain rate was determined from the 
relationship between strain (displacement between gage 
lengths) and time, as shown in Fig. 1. That is, the elastic strain 
rate and plastic strain rate are defined as the average strain rate before yielding and average strain rate after yielding 
to maximum stress, respectively. In this study, the elastic strain rate and plastic strain rate were considered 
separately in order to investigate the strain rate dependence of the yield strength and tensile strength, respectively.
 
Fig. 1 Definition of strain rate 
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3. Effect of pre-straining on yield strength and tensile strength
Fig. 2 shows the strength difference between the virgin specimen and pre-strained specimen at 20 °C under static 
load. The yield strength and tensile strength increases with an increase in pre-strain. In addition, the change in yield 
strength is relatively larger than the change in tensile strength.
  
Fig. 2. Effect of pre-straining on both yield strength and tensile strength 
Pre-straining methods (flatness, cyclic, etc.) and pre-straining direction (tensile or compression) can be 
considered equivalently by skeleton pre-strain, as reported by Igi et al. (2016). The true stress - true strain curve of 
pre-strained steel, which is shifted toward the larger true strain side by the amount of pre-strain εpre, almost 
coincides with that of virgin steel, as shown in Fig. 3. This result has been reported by Minami et al. (2001). In the 
same way, a method of estimating the yield strength and tensile strength of pre-strained steel from the true stress -
true strain curve of virgin steel was investigated. The method is shown schematically in Fig. 4. The yield strength 
of pre-strained steel can be obtained as the true stress corresponding to nominal strain εpre in the true stress - true 
strain curve of virgin steel, and the yield stress of pre-strained steel at room temperature can be described by Eq. 
(1).
( ) ( )pretrueY0,0PreY0, σTσ ε= (1)
where σY0true(εpre) is the true stress of virgin steel at true strain εpre.
On the other hand, the tensile strength of pre-strained steel can be obtained as the stress at uniform elongation of
virgin steel when the uniform elongation of pre-strained steel is equal to the value obtained by subtracting εpre from 
the uniform elongation of virgin steel. Thus, the tensile strength of pre-strained steel can be described by Eq. (2).
( )
preUE10
UE10
0T00
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T0 -1
1
)(TσTσ
εε
ε
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where σT0pre(T0) is the static tensile strength (MPa) of pre-strained steel at room temperature, σT0(T0) is the static
strength (MPa) of virgin steel at room temperature, εUEl0 is the uniform elongation (nominal strain) of virgin steel
under static loading and room temperature conditions, and εpre is the amount of pre-strain.
 
Fig. 3 True stress – true strain curve of virgin steel and
pre-strained steel (SM490A) 
Fig. 4 Schematic figure to estimate strength of pre-strained steel
from true stress – true strain curve of virgin steel 
However, the true stress - true strain curve is not easy to obtain in industrial settings. Therefore, in WES2808, the 
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effect of pre-straining on both yield strength and tensile strength were estimated by experimental equations. As can 
be seen in Fig. 2, the yield strength logarithmically increases and tensile strength lineally increases when the pre-
strain increases. In addition, Minami et al. reported that the pre-straining effect on yield strength is small in the high 
strength range. Thus, the strength variation due to pre-strain was estimated by Eq. (3) and (4), and the results are 
shown in Fig. 5. For the entire strength range of this study, a good accuracy can be recognized.
( ) ( )pre
4/1
0Y0
0Y00
Pre
Y0 34ε1ln)(Tσ
E34＋)(TσTσ +





= 　    (3)
( ) pre0T00PreT0 750ε＋)(TσTσ =  (4)
where σY0pre(T0) and σT0pre(T0) are the static yield strength and tensile strength(MPa), respectively, at room 
temperature T0 (=293K) with a pre-strain  εpre, and E is Young’s modulus (=206GPa).
  
Fig. 5 Relationship between measured strength and estimated strength 
4. Effect of dynamic loading on yield strength and tensile strength
Fig. 6 shows the strength difference between static loading and dynamic loading at 20 °C. Yield strength and 
tensile strength increase as the strain rate increases. However, differences in the strain rate have no effect on the 
strength increase between yield strength and tensile strength.
  
Fig. 6. Effect of dynamic loading on both yield strength and tensile strength 
The nominal yield strength, nominal tensile strength and 
nominal strain increase with increases in the strain rate for 
virgin steel, as shown in Fig. 7. This finding has been reported 
by Minami et al. (2001).
At the same time, it is well known that the yield strength of 
steel depends on the strain rate and also shows Arrhenius-type 
temperature dependence. The strain rate-temperature parameter 
R has been proposed as a parameter for evaluating the effect of
both strain rate and temperature on yield strength equivalently, 
and is can be expressed by Eq. (5), as reported by Bennett
(1961). The dependence of both the strain rate and temperature
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on yield strength can be expressed by Eq. (6).
( )eAR lnT・=     (5)
)Raexp(aσ 11Y =  (6)
where T is the temperature, e is the strain rate (/s), σY is the yield strength, and A, a1, and a2 are the respective 
material constants. Furthermore, it has been reported by Minami et al. (2001) that the parameter R can also express 
the dependence of the tensile strength on both strain rate and temperature. The dependence of yield strength and 
tensile strength on both the strain rate and temperature was therefore evaluated using the parameter R for virgin and
pre-strained steels. The relationship between the yield strength σY or tensile strength σT and parameter R for virgin 
and pre-strained SM490A steels are shown in Fig. 8. The values of 108 /s and 109 /s gave the best correlation and 
were used as the constant A for σY and σT, respectively. The dependence of yield strength and tensile strength on 
both the strain rate and temperature can be expressed in terms of the parameter R even for pre-strained steel.
            
Fig. 8 Relationship between strength and strain rate-temperature parameter (SM490A) 
The relationships between strength and both strain rate and temperature have been investigated separately. 
Furthermore, it has been reported by Inoue et al. (1987) that the dependence of strength on both the strain rate and 
temperature can be expressed using a single formula. In this study, a strength estimation formula was proposed using 
both the Arrhenius type temperature dependence of strength and the strain rate-temperature parameter R. The 
Arrhenius-type temperature dependence of both yield strength and tensile strength was estimated by Eq. (7).

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where σ and σ0 are the strengths at temperatures T and T0 and B is the function of σ0 with consideration for the 
temperature dependence. The relationship between strength and both temperature and strain rate can be expressed by 
Eq. (8) by substituting R shown in Eq. (5) for the temperature in Eq. (7).
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Here, α and γ were decided as the values which gave the best correlation with T0～(σ0 /E)γ by defining B=α～T0～
(σ0 /E)γ according to Inoue et al.(1987), and B for virgin and pre-strained steel of 400 - 590 MPa classes was 
calculated for the case of T0 (=293K) and e0 (=10-4/s), where E is Young’s modulus (= 206 GPa), and A=108 /s (for
yield strength) and A=109 /s (for tensile strength). The relationships between B and T0～(σ0 /E)γ are shown in Fig. 9. 
The values of α=8×10-4 and γ=-1.5 can be obtained for both yield strength and tensile strength.
In WES2808, the variation in strength of 400 - 590 MPa class steel due to dynamic loading and temperature was 
estimated by Eq. (9) and (10). However, Kubo et al. (2007) reported that strength estimated by Eq. (9) and (10) is 
lower than the experimental results for 780 MPa class steel. In addition, they proposed Eq. (11) and (12) for 780
MPa class steel.
Therefore, Eq. (9) - (12) can be used to estimate the strength. The results of the estimation are shown in Fig. 10, 
and these formulas were recognized for have good accuracy.
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where e,・ EA is the static strain rate (=10-4 /sec).
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5. Superposition effect of pre-straining and dynamic loading on yield strength and tensile strength
Figure 10 shows the changes in yield strength ΔσY and tensile 
strength ΔσT due to pre-straining. Each increases with an increase 
in pre-strain. 
The relationship between the strain rate and ΔσY and that 
between the strain rate and ΔσT are shown in Fig. 11. ΔσY and ΔσT
also increase with increases in the strain rate, but the change 
decreases as higher pre-strain levels. The cause of this tendency
can be regarded as the amount of strength variation due to pre-
straining. This tendency also agrees with the results of Minami et 
al. (2001), which found that the strain rate dependence of strength 
becomes smaller as the strength of the steels increase.
          
Fig. 11 Amount of strength variation due to dynamic loading (SM490A, at room temperature) 
Next, the change in the strength of steel subjected to both pre-straining and dynamic loading was examined.
Figure 12 compares the estimated dynamic strengths and experimental results for pre-strained steels. The horizontal 
axes show the strengths obtained by experiment, while the vertical axes show the strengths calculated by adding the 
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strengths of the virgin steel, σY and σT. In this study, two cases were investigated. The value of virgin steel and that
of pre-strained steel were used as the change in strength by dynamic loading, ΔσY and ΔσT. The estimated value 
agreed with the experimental result when the strain rate dependence of pre-strained steel was used, while the 
estimated value was larger than the experimental result when the strain rate dependence of virgin steel was used. In 
other words, the change in the strength of the steel when both pre-straining and dynamic loading were applied can be 
estimated as the sum of the amount of strength variation due to pre-straining and the amount of strength variation
due to dynamic loading of the pre-strained steel.
        
Fig. 12 Comparison between estimated strength and experimental one of pre-strained steel (SM490A, at room temperature) 
In this study, the changes in strength due to pre-straining and dynamic loading can be calculated by Eq. (13) and 
(15) for yield strength and by Eq. (14) and (16) for tensile strength. The results of the estimation are shown in Fig. 
13. For the entire strength range in this study, is was recognized that these formulas have good accuracy
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Fig. 13 Estimation of variation on strength due to dynamic loading and temperature 
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6. Conclusion
Strength variation due to pre-straining, dynamic loading and temperature was investigated for 400 -780 MPa class 
steel plate and 400 - 490 MPa class H-section steel. As a result, the following conclusions can be made.
• A method for estimating the yield strength and tensile strength of pre-strained steel from the true stress - true 
strain curve of virgin steel is proposed. In addition, changes in the yield strength and tensile strength of pre-
strained steel can be predicted by the new equations based on experimental results.
• The variations in both yield strength and tensile strength due to dynamic loading and temperature could be 
estimated by the proposed equations, which use the R parameter. These equations are based on old equations of 
WES 2808:2003
• Methods of predicting strength variation due to pre-strain, dynamic loading and temperature were proposed. The 
change in the strength of steel when both pre-straining and dynamic loading were applied can be estimated as the 
sum of amount of strength variation due to pre-straining and the amount of strength variation due to dynamic
loading of the pre-strained steel.
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